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Abstract Heat shock proteins play a major role in the process of protein folding, and they have been termed molecular
chaperones. Two members of the Hsp70 family, Hsc70 and Hsp70, have a high degree of sequence homology. But
they differ in their expression pattern. Hsc70 is constitutively expressed, whereas Hsp70 is stress inducible. These 2
proteins are localized in the cytosol and the nucleus. In addition, they have also been observed in close proximity to
cellular membranes. We have recently reported that Hsc70 is capable of interacting with a lipid bilayer forming ion-
conductance channels. In the present study, we found that both Hsc70 and Hsp70 interact with lipids and can be
differentiated by their characteristic induction of liposome aggregation. These proteins promote the aggregation of
phosphatidylserine liposomes in a time- and protein concentration–dependent manner. Although both proteins are
active in this process, the level and kinetics of aggregation are different between them. Calcium ions enhance Hsc70
and Hsp70 liposome aggregation, but the effect is more dramatic for Hsc70 than for Hsp70. Addition of adenosine
triphosphate blocks liposome aggregation induced by both proteins. Adenosine diphosphate (ADP) also blocks Hsp70-
mediated liposome aggregation. Micromolar concentrations of ADP enhance Hsc70-induced liposome aggregation,
whereas at millimolar concentrations the nucleotide has an inhibitory effect. These results confirm those of previous
studies indicating that the Hsp70 family can interact with lipids directly. It is possible that the interaction of Hsp70s with
lipids may play a role in the folding of membrane proteins and the translocation of polypeptides across membranes.

INTRODUCTION

A very active rate of protein synthesis is observed in cells
under normal physiological conditions. These newly syn-
thesized polypeptides are required to activate different
metabolic pathways in response to changes in the cellular
environment. In addition, these new polypeptides are
necessary to replace degraded proteins as a part of the
normal cell turnover. The final conformation of a protein
is determined by its primary amino acid sequence. But
this process may be affected by nonconstructive interac-
tions between unfolded regions on the same polypeptide
or on another protein. Consequently, accessory proteins,
named chaperones, are required to assist the folding of
newly synthesized polypeptides (Agashe and Hartl 2000).
Chaperones are also necessary for the assembly of olig-
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omeric proteins and the translocation of polypeptides
across membranes, such as the endoplasmic reticulum
(ER).

Heat shock proteins (Hsps) are the important compo-
nents of the cellular chaperone pool. Hsps are present in
cells under normal physiological conditions. In addition,
their expression is induced after different physiological
stresses. The Hsp70 family of Hsps is composed of 4
members, Hsc70, Hsp70, BIP, and Mtp70, which are lo-
calized in different subcellular compartments. Hsc70, BIP,
and Mtp70 are present under normal conditions, whereas
Hsp70 is primarily expressed after environmental stress-
es such as hyperthermia (De Maio 1999). Although Hsc70
and Hsp70 are predominately cytosolic proteins, the pres-
ence of these in association with or in close proximity to
cellular membranes has been reported (Welch and Suhan
1985; Domanico et al 1993; Kurucz et al 1999). Moreover,
Hsp70 has been detected on the cell surface of tumor cells
(Di Cesare et al 1992; Camins et al 1995; Multhoff et al
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1995; Kaur et al 1998). In EL-4 lymphoma cells, the pres-
ence of Hsps on the cell surface was found to increase
through different apoptotic stages, with the highest levels
observed during the loss of cell membrane phospholipid
asymmetry (Sapozhnikov et al 1999). Exogenous addition
of Hsp70 to a variety of cells (skate retinal cells, motor
neuron in the spinal cord) resulted in particular respons-
es (Johnson and Tytell 1993; Houenou et al 1996; Tidwell
et al 2000), which may occur after binding to the plasma
membrane. Incubation of human monocytes with Hsp70
elicits a rapid intracellular calcium flux, activates nuclear
factor-kB, and up-regulates the expression of proinflam-
matory cytokines. In these experiments, fluorescence mi-
croscopic analysis and laser confocal microscopy revealed
that Hsp70 binds specifically to the cell surface (Asea et
al 2000). Activation of potassium channels in patch-
clamped membranes of human promonocyte U937 cells
has also been observed after exogenous addition of
Hsp70 (Negulyaev et al 1996).

We have recently reported that Hsc70 incorporates into
artificial phospholipid membranes, forming a nucleotide-
regulated ion-conducting channel (Arispe and De Maio
2000a). Moreover, Hsc70 and Hsp70 copurified with non-
esterified, saturated fatty acids of long chain length dur-
ing the isolation from cells (Guidon and Hightower
1986a, 1986b). These findings suggest that these chaper-
one proteins also possess specific affinity for lipids. In
the present study, the direct interaction of Hsc70 and
Hsp70 with lipids was analyzed using a liposome aggre-
gation assay. This technique allows us to study the direct
protein-lipid interactions using purified proteins in a con-
trolled lipid environment, as well as the self-association
of proteins that are already intimately associated with the
lipids of membranes. Additionally, the effect of several
factors (nucleotides, ions, etc) can be tested. Liposome
aggregation assay has been extensively used to study pro-
tein-lipid interactions with a variety of proteins that are
known to self-associate to form oligomers (Hong et al
1981; Glenney et al 1987; Blackwood and Ernst 1990; De
la Fuente and Parra 1995; Caohuy et al 1996; Lee and
Pollard 1997). In the present study, we found that both
Hsc70 and Hsp70 interact with liposomes to induce ag-
gregation. This process is time and protein concentration
dependent. The induced liposome aggregation is charac-
teristic for each of these 2 Hsps. Thus, Hsp70 and Hsc70
can be discriminated by their interaction with lipids.

MATERIALS AND METHODS

Preparation of liposomes

Large unilamellar liposomes were prepared using the ex-
trusion method. Palmitoyl-oleoyl-phosphatidylserine
(Avanti Polar Lipids Inc, Alabaster, AL, USA) was dis-

solved in chloroform and dried under nitrogen gas. The
dried lipid was hydrated in 25 mM Tris-HCl, pH 7.5, 250
mM NaCl (1 mL/10 mg of lipid) for a minimum of 1
hour at 258C (or 24 hours at 48C). The suspension was
passed 12 to 15 times through a 0.05-mm polycarbonate
filter in an extruder apparatus (Avanti Polar Lipids) to
uniformly size the liposomes. The final lipid concentra-
tion was 10 mg/mL.

Liposome aggregation assay

Aggregation of liposomes was determined by the change
in absorbance that follows the increase in turbidity of the
liposome suspension after addition of Hsps. Absorbance
was measured at 350 nm in a Hewlett-Packard spectro-
photometer, and data were collected every 30 seconds.
The aggregation reactions were performed in 1-mm path
length optical glass cuvettes at 258C. Unless otherwise
stated, the standard assay was conducted in 40 mM his-
tidine-HCl, pH 6, 300 mM sucrose, 0.5 mM MgCl2, 1 mM
CaCl2. Hsc70 and Hsp70 were first added directly to the
aggregation medium followed by freshly prepared lipo-
somes (phosphatidylserine [PS] final concentration of 1.25
mM). Recombinant bovine Hsc70 (SPP-751) and human
Hsp70 (SPP-755) free of any contamination by nucleotides
were purchased from Stressgen Biotechnologies Co, Vic-
toria, BC, Canada. These proteins were certified by
Stressgen to present normal adenosine 59-triphosphatase
(ATPase) activity.

RESULTS

Liposome aggregation induced by Hsc70 and Hsp70
is different

The interaction of Hsc70 and Hsp70 with PS was studied
using a liposome aggregation assay in the presence of
CaCl2 (1 mM) and MgCl2 (0.5 mM) to screen charges on
the liposome surface and to minimize basal liposome-
liposome aggregation. Aggregation was measured by the
change in optical density (OD) of liposome suspensions
in the presence of Hsc70 or Hsp70. These data indicate
that both proteins induce liposome aggregation. Figure
1A and Figure 1B illustrate the OD change of liposome
suspension induced by the addition of Hsc70 and Hsp70,
respectively. These results reveal that in terms of mag-
nitude and time course, the processes of liposome aggre-
gations are different. The initial and the maximum rates
of liposome aggregation are displayed in Figure 1C. The
initial rates were measured as the OD change during the
first 250 seconds. To obtain the maximum rates, the de-
rivative of the OD (dOD/dt, where dt 5 30 seconds) was
plotted as a function of time for as long as 1 hour. The
peak value from the resulting curve was taken as the
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Fig. 1. Liposome aggregation in-
duced by heat shock proteins (Hsps).
(A) Time course of change in optical
density (OD) due to aggregation of
phosphatidylserine (PS) liposomes in
the presence of different concentra-
tions of Hsc70. (B) Time course of
change in OD due to aggregation of PS
liposomes in the presence of different
concentrations of Hsp70. Values next
to each curve indicate the protein con-
centration (ng/mL). The aggregation so-
lution contained 1 mM CaCl2 and 0.5
mM MgCl2. To initiate the aggregation
process, PS liposomes were added to
the aggregation solution to a final con-
centration of 1 mg/mL. The OD change
was measured every 30 seconds at
350 nm. (C) Rates of the OD change
(OD/s) as a function of Hsc70 and
Hsp70 concentrations. The initial rate
(filled squares and circles) was calcu-
lated as the slope for the first 250 sec-
onds of the aggregation reaction. The
maximum rate values (empty circles)
correspond to the maximum OD
change per sampling period (30 sec-
onds) value calculated over 1 hour of
aggregation reaction.

maximum rate and plotted for each protein concentration
in Figure 1C. The data show a sigmoidal increase in the
initial rate as a function of Hsc70 (filled circles) or Hsp70
(filled triangles) concentrations. This behavior suggests
that the interaction between the Hsps and liposomes is a
cooperative process. The initial rate of liposome aggre-
gation induced by Hsc70 reaches saturation (at a protein
concentration of 15 ng/mL) and decays thereafter. This
observation suggests that the interaction between Hsp70
and liposomes is initially cooperative but becomes addi-
tionally more complex for larger protein concentrations.
Because the change in the OD of liposome suspension
containing Hsp70 follows a first-order trajectory (see Fig
1B), the initial and the maximum rates of the Hsp70-in-
duced aggregation up to a protein concentration of 15
ng/mL have similar values. The OD change of liposome
suspension containing Hsc70 follows a sigmoidal trajec-
tory (see Fig 1A), therefore, the initial (filled circles) and

maximum (empty circles) rates of Hsc70-induced aggre-
gation are always different for any concentration (Fig 1C).
At concentrations below 15 ng/mL, the maximum aggre-
gation rate of the process induced by Hsc70 (1.2 3 104

OD/s) was about 2 times higher (0.5 3 104 OD/s) than
the rate of aggregation induced by an equivalent concen-
tration of Hsp70.

The preceding observations suggest that the capacity of
Hsc70 and Hsp70 to aggregate PS liposomes is different.
To further substantiate this finding, liposome aggregation
by Hsc70 and Hsp70 was performed simultaneously us-
ing the same ionic conditions and the same liposome
preparation. The OD change observed in the liposome
suspension containing Hsc70 was always larger than that
observed in presence of Hsp70 under identical experi-
mental conditions (Fig 2). Thus, aggregation induced by
Hsc70 was slower but more pronounced, whereas aggre-
gation induced by Hsp70 was more rapid toward a lower
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Fig. 2. Differential liposome aggre-
gation induced by Hsc70 and Hsp70.
(A) Time course of optical density (OD)
change due to aggregation of phospha-
tidylserine (PS) liposomes induced by
Hsc70 (filled circles) and Hsp70 (empty
circles) at 2 different concentrations (20
and 25 ng/mL). The reactions were si-
multaneously run under equal condi-
tions to illustrate the higher capacity of
Hsc70 to induce liposome aggregation.
(B) Simultaneous measurements of the
OD change generated by the aggre-
gation of liposome induced by equal
concentrations (10 ng/mL) of Hsc70
(filled circles) and Hsp70 (empty cir-
cles). The curves illustrate differences
in the kinetics of the liposome aggre-
gation. The solid lines represent the
best fit to the points calculated using
equations described in the text. For sol-
id line on Hsc70 points: DODmax 5 0.35,
ODt 5 0 5 0.0048, a 5 1/1580 s21. For
solid line on Hsp70 points: DODmax,1 5
0.242, DODmax,2 5 0.012, ODt 5 0 5
0.0046, a1 5 1/5800 s21, a2 5 1/350
s21.

Fig. 3. Effect of calcium on Hsc70- and Hsp70-induced liposome
aggregation. Maximum rates of liposome aggregations induced by
equal concentrations (10 ng/mL) of Hsc70 (filled circles) and Hsp70
(empty circles) as a function of the calcium concentration. The max-
imum rate values (empty circles) correspond to the maximum OD
change per sampling period (30 seconds) value calculated over 1
hour of aggregation reaction.

saturation level. The time course of OD changes (DOD(t))
were best fitted by the equations ODmax (1 2 exp(2at)2 1
ODt 5 0) and ODmax (1 2 exp(2a1t)) 1 ODmax (1 2
exp(2a2t)) 1 ODt 5 0 for Hsc70 and Hsp70, respectively,
supporting the observation that these 2 proteins have dif-
ferent behavior in their interaction with lipids.

Hsc70- and Hsp70-induced liposome aggregation is
calcium dependent

The effect of different calcium concentrations on liposome
aggregation by Hsc70 and Hsp70 was also studied. For
both proteins, the induction of liposome aggregation was
found to be calcium dependent on a concentration above
0.75 mM. The effect of calcium ions was more pro-
nounced on Hsc70 than on Hsp70. The velocity of aggre-
gation by Hsc70 is still increasing at a calcium concentra-
tion of 1.5 mM, whereas Hsp70-induced aggregation is
already maximal (Fig 3).

Addition of ATP and ADP modifies liposome
aggregation induced by Hsc70

The effect of adenosine triphosphate (ATP) and adenosine
diphosphate (ADP) on Hsc70-induced liposome aggre-
gation was also studied. Addition of ATP resulted in in-
hibition of Hsc70-induced liposome aggregation in a
range of concentrations between 0.25 mM and 1 mM (Fig
4A). As little as 250 mM ATP was sufficient to reduce the
initial rate of Hsc70-induced liposome aggregation to val-
ues close to 0 (Fig 4B). This inhibitory effect of ATP is
unlikely the result of calcium ion chelation because ad-

dition of 0.5 mM ATP was calculated to reduce the con-
centration of calcium in less than 10% (from 1 mM to 0.92
mM). Addition of ADP resulted in an enhancing effect
on Hsc70-induced liposome aggregation in a range of nu-
cleotide concentration between 0.25 mM and 1.0 mM. On
the contrary, higher concentrations of ADP have an in-
hibitory effect (Fig 4C). Although the ADP used in these
studies is of the highest purity, the inhibitory effect could
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Fig. 4. Effect of nucleotides on lipo-
some aggregation induced by Hsc70.
(A) Representative time course of the
optical density (OD) change generated
by liposome aggregation induced by
Hsc70 (10 ng/mL) in the absence and
the presence of 0.25 or 0.5 mM of
adenosine triphosphate (ATP) (filled
circles). The curve described by the
empty circles corresponds to the time
course of the liposome aggregation, in
the absence of Hsc70 protein, gener-
ated by the sole addition of 1 mM ATP.
(B) Maximum rates of the liposome ag-
gregations induced by Hsc70 (10 ng/
mL) as a function of the ATP concen-
tration (average, n 5 3). (C) Represen-
tative time course of the OD change
generated by liposome aggregation in-
duced by Hsc70 (10 ng/mL) in the ab-
sence and the presence of adenosine
diphosphate (ADP). Numbers next to
the curves indicate the ADP concentra-
tions (mM). (D) Maximum rates of the
liposome aggregations induced by
Hsc70 (10 ng/mL) as a function of the
ADP concentration (average, n 5 5).

be the result of small contamination of ADP by ATP. The
initial rate of Hsc70-induced liposome aggregation was
increased up to an ADP concentration of 62.5 mM, which
displayed a maximum value. Addition of ADP at concen-
tration higher than 62.5 mM reduced this enhancing effect
to levels even below the observed in absence of ADP (Fig
4D).

Addition of ATP and ADP blocks Hsp70-induced
liposome aggregation

The effect of nucleotides on Hsp70-induced liposome ag-
gregation was also studied. A significant inhibition of li-
posome aggregation was observed in the presence of ATP
proportionally to the concentration of this nucleotide (Fig
5A). Thus, aggregation was reduced in 50% by an ATP
concentration of 225 mM (Fig 5B). Similarly, addition of
ADP resulted in a reduction of Hsp70-induced liposome

aggregation (Fig 5C). The concentration of ADP necessary
to reduce 50% the initial rate of aggregation was 125 mM
(Fig 5D).

ATP and ADP compete to modulated Hsc70-induced
liposome aggregation

The preceding experiments demonstrate that ATP and
ADP have different effects on liposome aggregation in-
duced by Hsc70. Experiments were performed to study
the competition between these 2 nucleotides on Hsc70-
induced liposome aggregation. Hsc70 (10 ng/mL) and li-
posomes were simultaneously incubated in presence of
ADP (62.5 mM). This concentration of ADP was shown to
enhance Hsc70-induced liposome aggregation (see Fig
3D). After 20 minutes of the liposome aggregation pro-
cess, ATP (250 mM) or the nonhydrolyzable analogue
ATPgS (250 mM) was added, and aggregation was al-
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Fig. 5. Effect of nucleotides on lipo-
some aggregation induced by Hsp70.
(A) Time course of the optical density
(OD) change generated by liposome
aggregation induced by Hsp70 (10 ng/
mL) in the absence and the presence
of 62.5 and 150 mM of adenosine tri-
phosphate (ATP) (filled circles). The
curves described by the empty circles
correspond to the time course of the li-
posome aggregation, in the absence of
Hsc70 protein, generated by the sole
addition of 62.5 and 150 mM ATP. (B)
Maximum rates of the liposome aggre-
gations induced by of Hsp70 (10 ng/
mL) as a function of the ATP concen-
tration. (C) Time course of the OD
change generated by liposome aggre-
gation induced by Hsp70 (10 ng/mL) in
the absence and the presence of aden-
osine diphosphate (ADP). The num-
bers next to the curves indicate the
ADP concentrations (mM). The curve
described by the empty circles corre-
sponds to the time course of the lipo-
some aggregation, in the absence of
Hsp70 protein, generated by the sole
addition of 250 mM of ADP. (D) Maxi-
mum rates of the liposome aggrega-
tions induced by Hsp70 (10 ng/mL) as
a function of the ADP concentration.

lowed to proceed for 20 minutes. The addition of ATP or
its analogue similarly detained the progress of Hsc70 li-
posome aggregation as compared with the process in the
presence of ADP but not ATP (Fig 6A). A second exper-
iment was performed in which Hsc70 (10 ng/mL) and
liposomes were mixed in presence of ATP at a concentra-
tion that partially blocks the aggregation process. During
the course of liposome aggregation, ADP was added at
concentrations between 62.5 mM and 200 mM (Fig 6B, ar-
rows). Addition of ADP neutralizes the inhibitory effect
of ATP and results in a pattern similar to the one pre-
sented above (see Fig 3).

DISCUSSION

The Hsp70 family of proteins participates in the folding
of newly synthesized polypeptides and their transloca-
tion across membranes (Hartl 1996). They may also co-

operate in the folding of membrane proteins, particularly
those that span the lipid bilayer several times (Martin and
Hartl 1997; Fink 1999). Thus, Hsp70 has been found as-
sociated with integral membrane proteins within the ER,
such as the cystic fibrosis transmembrane regulator (Yang
et al 1993). The possible mechanism for the participation
of Hsp70s in the folding of transmembrane proteins has
not been elucidated yet. The interaction of chaperones,
particularly the Hsp70 family, with membranes may be
a necessary step in the folding of membrane proteins.
Morphologic studies have shown the presence of Hsp70s
in close proximity to cellular membranes (Welch and Su-
han 1985; Domanico et al 1993; Kurucz et al 1999). We
have recently reported that Hsc70 can interact with lipids
forming an ion-conductance pathway (Arispe and De
Maio 2000). Other Hsps have also been found to interact
with membranes (Vigh et al 1998). In the present study,
we have compared the interaction of Hsc70 and Hsp70
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Fig. 6. Competition between nucleotides on liposome aggregation
induced by Hsc70. (A) Simultaneous recording of the time course of
the optical density (OD) change in 3 reaction cells in which liposome
aggregation was induced by Hsc70 (10 ng/mL) in the presence of
62.5 mM of adenosine diphosphate (ADP). After 20 minutes of li-
posome aggregation process, adenosine triphosphate (ATP) (250
mM) or a nonhydrolyzable analogue ATPgS (250 mM) was added
(see arrow) to 2 of the cuvettes. Liposome aggregation in the pres-
ence of the same concentrations of ATP, but in the absence of
Hsp70, was monitored simultaneously (empty circles). The control
curve corresponds to the liposome aggregation observed in the ab-
sence of protein and nucleotides. (B) Time course of the OD change
generated by liposome aggregation induced by Hsp70 (10 ng/mL) in
the absence (empty circles) and the presence (filled circles) of nu-
cleotides. ADP at concentrations of 62.5, 75, 100, and 200 mM
(curves a, b, c, and d, respectively) was added 10 minutes after the
initiation of the reaction (arrow) to 5 different cuvettes containing
ATP (37.5 mM). The aggregation in 1 of the cuvettes (top curve) was
performed in the presence of 62.5 mM ADP. The control (bottom
curve) corresponds to the resulting liposome aggregation observed
in the absence of protein and nucleotides.

with lipids using a liposome aggregation assay. Lipo-
some aggregation requires protein-lipid as well as pro-
tein-protein interactions.

Both Hsc70 and Hsp70 were found to induce PS lipo-
some aggregation in a protein concentration– and time-
dependent manner. Therefore, the present results regard-
ing liposome aggregation confirm our previous observa-
tions indicating the spontaneous interaction of Hsp70s
with membrane lipids. Our results also reveal different
characteristics of the aggregation process between these
2 proteins. The magnitude of liposome aggregation was
greater for Hsc70 than for Hsp70. The initial rate of li-
posome aggregation was similar for both proteins at low-
er protein concentrations but showed a very distinct pat-
tern at higher protein concentrations. Liposome aggre-
gation induced by Hsc70 could be described by a second-
order exponential equation, suggesting the prevalence of
at least 2 important steps. On the other hand, liposome
aggregation induced by Hsp70 was described by single
exponential equations, suggesting a single rate-limiting
step. The first step in the aggregation process is likely the
interaction between protein and liposomes. This first step
in the aggregation process proceeds much faster for
Hsp70 than for Hsc70. This result suggests a differential
affinity of these proteins for the membrane lipid, which
may be a consequence of the small differences in the ami-
no acid sequence between these 2 proteins.

Previous studies have shown that Hsp70s can bind
noncovalently to fatty acids, predominantly palmitic and
stearic acids and to a lesser extent myristic acid. This
binding seems to be of high affinity and selectivity. Non-
covalent binding to fatty acids by Hsp70s may also pro-
duce a change in protein conformation similarly to the
one reported for albumin (Guidon and Hightower 1986a,
1986b). Our findings are consistent with those of previous
studies indicating the interaction of these proteins with
palmitic acid (Guidon and Hightower 1986b) because the
synthetic PS used in our analysis is composed of ester-
bound palmitic and oleic acids (1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine). Furthermore, a high affinity
of both Hsc70 and Hsp70 for PS has been observed (Ar-
ispe et al 2001). Under normal conditions, plasma mem-
brane phospholipids are asymmetrically distributed
across the bilayer, with PS found almost entirely in the
inner leaflet. In preapoptosis stages, PS appears in the
outer leaflet of the plasma membrane. Higher levels of
Hsp70s have been detected on the outer surface of the
plasma membrane in apoptotic EL-4 cells than in nona-
poptotic cells (Sapozhnikov et al 1999). Presence of
Hsp70s on the cell surface has been reported to increase
through several stages of early and late apoptosis, and
the highest level was observed during the loss of the cell
membrane phospholipid asymmetry (Sapozhnikov et al
1999). These observations are consistent with a specific
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interaction of Hsp70s with PS lipids and are supported
by our results on PS liposome aggregation.

The presence of calcium ions increases the extent of
liposome aggregation induced by Hsc70 and Hsp70. We
observed that this effect is more pronounced for Hsc70
than for Hsp70. Calcium ions in the millimolar range
have been found to induce liposome aggregation and fu-
sion in the absence of proteins (Lee and Pollard 1997).
Some proteins can also promote aggregation of secretory
granules and liposomes in a calcium-dependent manner
(Drust and Creutz 1988; Blackwood and Ernst 1990; De
la Fuente and Parra 1995; Lee and Pollard 1997). The ef-
fect of calcium on protein-induced liposome aggregation
could be an effect of this ion on protein conformation or
self-association properties. Although 2 calcium-binding
sites have been identified within the ATPase domain of
human Hsp70s (Sriram et al 1997), the effect of calcium
in the self-association properties of these proteins has not
been studied yet. Hsp70 is phosphorylated in vitro in the
presence of divalent ions, calcium being the most effec-
tive. Phosphorylation has been argued to affect the self-
association properties of Hsp70s (Sriram et al 1997),
which may explain the promotion of liposome aggrega-
tion observed in the presence of calcium. Further studies
are required to test this possibility.

The effect of nucleotides on the aggregation process
was also different between Hsc70 and Hsp70. ATP in a
wide range of concentrations blocked liposome aggrega-
tion mediated by both proteins. But the concentration of
ATP necessary to produce a 50% inhibition was approx-
imately 10-fold lower for Hsc70 than for Hsp70. ADP at
low concentrations (micromolar) resulted in an increase
of Hsc70-mediated liposome aggregation, whereas higher
concentration of this nucleotide (.0.5 mM) resulted in an
inhibitory effect. Contamination of ADP by traces of ATP
could provide an explanation for the inhibitory effect of
ADP. Hsp70-mediated liposome aggregation was inhib-
ited by the addition of ADP; no activation was ever ob-
served. Additional studies illustrated the dual effect of
ADP on Hsc70-induced aggregation of liposomes. Hsc70-
mediated aggregation at lower concentrations of ADP,
which results in a stimulatory effect, was reversed by in-
creases in the concentration of the same nucleotide. Ad-
dition of ADP could override the inhibitory effect of ATP
on Hsc70-induced liposome aggregation. Similar studies
indicated that the addition of ATP could also override the
stimulatory effect of lower ADP concentrations. Addition
of ATPgS had an identical effect as ATP, suggesting that
binding of the nucleotide, rather than hydrolysis, is a nec-
essary step for Hsc70 self-aggregation and interaction
with lipids. We have found that the liposome aggregation
assay provides an excellent method to study the behavior
of nucleotides on Hsc70 and Hsp70. The interaction of
Hsc70 and Hsp70 with lipids is likely to occur by the

oligomeric rather than by the monomeric form of these
proteins. Hsp70s in the absence of target peptides or de-
natured proteins have been reported to self-associate
forming oligomers of low order (Freiden et al 1992). Olig-
omerization is disrupted by incubation with ATP (Bena-
roudj et al 1996). Additionally, ATP binding produced a
conformational change of Hsp70s that modulates their in-
teraction with target polypeptides (Fung et al 1996).
Thus, it is possible that the effect of nucleotides on lipo-
some aggregation is the result of either a change in olig-
omerization or a conformational change (or both).

Hsc70 is constitutive, whereas Hsp70 is induced after
stress. These 2 proteins have a high degree of sequence
homology and are localized within the subcellular com-
partments, cytosol, and nucleus. Consequently, it would
be expected that they play similar roles. This redundancy
has never been understood. The results presented in this
study unveil a new means to differentiate between these
2 proteins. The liposome aggregation induced by Hsc70
and Hsp70 was different. Hsc70 has been found to be
more potent in promoting liposome aggregation than is
Hsp70, suggesting that Hsc70 is more effective in estab-
lishing an interaction with lipids. Although recombinant
proteins were used in this study, we cannot discard the
possibility that the differences in liposome aggregation
between Hsc70 and Hsp70 are the result of diversity in
the origin of these 2 proteins. Hsp70 was cloned from
human embryonic cells, whereas Hsc70 is of bovine ori-
gin. Other Hsp may also interact with lipid membranes.
Thus, Hsp40 is posttranslationally modified by the ad-
dition of an isoprenyl group at the C terminal, which may
be involved in the interaction of this protein with lipids.
Moreover, homologues of Hsp40 have been observed in-
teracting with biological membranes (De Maio 2002).
Whether additional Hsps can interact with lipids remains
to be established.

The question that remains to be elucidated is the pos-
sible function of the interaction between Hsc70 and
Hsp70 with lipids. The role of Hsp70s in the folding of
cytosolic (water soluble) proteins has been well estab-
lished. It is possible that Hsp70s are similarly involved
in assisting membrane proteins to reach their appropriate
conformation within the lipid bilayer. Although this hy-
pothesis remains to be tested, the findings presented in
this study in combination with previous reports strongly
support the assumption that Hsp70s can firmly interact
with lipids.
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